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Decoherence of a uniformly accelerated finite-time detector
Helder A. S. Costa∗
Departamento de F´ısica, Universidade Federal do Piau´ı, 64049-550 Teresina, PI, Brazil
We study a uniformly accelerated detector coupled to a massless scalar field for a finite time
interval. By considering the detector initially prepared in a superposition state, qubit state, we find
that the acceleration induces decoherence on the qubit. Our results suggest the dependence of loss of
coherence on the polar angle of qubit state on a Bloch sphere and the time interaction. The adjust
those parameters can significantly improve the conditions to estimate the degree of decoherence
induced by Unruh radiation.
PACS numbers: 03.67.Mn, 03.65.Ud, 04.62.+v
I. INTRODUCTION
Accordingly to Unruh and Wald [1] a uniformly accel-
erated detector (i.e., two-level atom) coupled to a mass-
less scalar field in the Minkowski vacuum perceive a ther-
mal distribution of Rindler particles with a temperature
proportional to its proper acceleration. This effect is usu-
ally named as Fulling-Davies-Unruh effect or simply Un-
ruh effect [2]. In original proposal, the Unruh effect has
been analyzed in an in-out approach, i.e., the initial state
of the system - detector plus quantum scalar field - is as-
sumed to be prepared at past infinity and the out state is
evaluated at infinite future. On the other hand, in [3–5]
it was investigated the response of uniformly accelerated
detectors when they are coupled to the quantum scalar
field for a finite period of time. In particular, it was ver-
ified that the response of a finite-time detector depend
on the manner in which it is switched on and off, for ex-
ample, the response is divergent for abrupt switching of
the detector. In order to avoid divergences, the authors
point out that the detector must be switched on and off
via a smooth window function (e.g., Gaussian function).
In all these works, the composite system consisting of
the detector plus the quantum scalar field were describe
as a closed system. In this paper, our purpose is study the
effect of decoherence induced by acceleration on a finite-
time detector prepared in a superposition state. Thus, we
assume that the uniformly accelerated detector behaves
like an open system and the vacuum with the fluctuations
of the field as its environment. In this context, if one only
observes the state of the detector and not the field, then
the detector will be found in either the excited state or
the ground state. Consequently, the detector state will
no longer be a pure state, but the superposition state of
detector becomes a statistical mixture after their inter-
action with the scalar field. This represents a physical
process of loss of coherence. It is worth mentioning that
in this process the coherence is thereby not destroyed but
delocalized into the degrees of freedom of the field where
it is physically inaccessible.
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The paper is organized as follows. In Sec. II, we intro-
duce the standard Unruh-DeWitt detector model that
characterize the couple between the detector (two-level
system) and quantum scalar field. Also, we evaluate
finite-time corrections to the rate of transition probabil-
ity. In Sec. III, we present our scheme where a uniformly
accelerated detector prepared in a superposition state in-
teracts with a scalar field for a finite time interval and
then their internal states are measured. In Sec. IV, we
quantify the degree of decoherence via fidelity measure.
Finally, our concluding remarks are addressed in Sec. V.
II. THE MODEL
In the interaction picture, the detector with internal
levels |g〉 and |e〉 is coupled to a massless scalar field
φ according to the interaction Hamiltonian Hˆint in the
detector frame
Hˆint = ~gΘ(τ)φ[x(τ)][σˆ+e
iΩτ + σˆ−e−iΩτ ], (1)
where Ω is the transition angular frequency and τ is the
atom proper time. σˆ+ = |e〉〈g| and σˆ− = |g〉〈e| are the
raising and lowering operators, respectively, and g is the
effective coupling constant between the detector and the
field. In order to describe finite-time interaction, we as-
sume that Θ(τ) is a gradual window function with the
properties: Θ(τ) ≈ 1 for |τ | ≪ T and Θ(τ) ≈ 0 for
|τ | ≫ T where T is the interaction time. It is worthy
to mention that the Hamiltonian, given by Eq. (1), de-
scribes the atom-field interaction in the dipole approxi-
mation.
Consider that the detector is in motion on a trajec-
tory x(τ) and the field is in the Minkowski vacuum state
|0M〉, the probability of excitation of the detector with
simultaneous photon emission, up to the first order in
perturbation theory, is given by
P =
∫ ∞
−∞
dτ
∫ ∞
−∞
dτ ′Θ(τ)Θ(τ ′)e−iΩ(τ−τ
′)G+(x(τ), x(τ ′))
where G+(x(τ), x(τ ′)) = 〈0M|φ[x(τ)]φ[x(τ ′)]|0M〉 is the
Wightman function [6]. For inertial and accelerated
2trajectories in Minkowski space, the Wightman func-
tion is invariant under time translation in the detec-
tor frame, i.e., G+(x(τ), x(τ ′)) = G+(τ − τ ′) [7, 8].
By using the following property f(u)[e−iΩuG+(u)] =
f(−i ∂∂Ω)[e
−iΩuG+(u)] for any function f(u) which has
a power series expansion around u = 0, we can provide
an asymptotic expression for the probability of transition
with any smooth window function,
P = Θ
(
i
∂
∂Ω
)
Θ
(
−i
∂
∂Ω
)
P∞,
where P∞ correspond to the infinite-time detector
P∞ =
∫ ∞
−∞
dτ
∫ ∞
−∞
dτ ′e−iΩ(τ−τ
′)G+(τ − τ ′).
Expanding Θ(τ) as a Taylor series around τ = 0 and
assuming that Θ(0) = 1 and Θ′(0) = 0, we obtain
that P ≈ P∞ − Θ′′(0)∂
2P∞
∂Ω2 . The corresponding tran-
sition probability per unit time is given by R ≈ R∞ −
Θ′′(0)∂
2R∞
∂Ω2 where R
∞ =
∫∞
−∞ d∆τe
−iΩ∆τG+(∆τ) with
∆τ = τ − τ ′. Notice that the rate of transition prob-
ability depends on the derivatives of the window func-
tion. Hence, if the detector is turned on and off abruptly
these derivatives leading to divergent responses. In or-
der to avoid divergences, let us assume that the detector
is switched on and off by the Gaussian window function
Θ(τ) = exp
(
− τ
2
2T 2
)
. In this case, to the leading order,
the finite-time corrections to the rate of transition prob-
ability reads
R ≈ R∞ +
1
2T 2
∂2R∞
∂Ω2
+O
(
1
T 4
)
. (2)
In particular, for a uniformly accelerated detector moving
with proper acceleration a, the natural coordinate system
in detector frame is related to the Minkowski coordinates
by the transformations [9]:
t(τ) =
c
a
sinh
(aτ
c
)
, z(τ) =
c2
a
cosh
(aτ
c
)
.
In terms of this coordinates, the Wight-
man function can be expressed as G+(∆τ) =
− 14π2
∑∞
n=−∞
1
(∆τ−2iǫ+2πin/a)2 and the transition
probability rate R∞ becomes
R∞acc =
1
2pi
Ω
e
2piΩc
a − 1
, (3)
which is the standard thermal spectrum. This re-
sult shows that a uniformly accelerated detector in the
Minkowski vacuum responds as it would if it were at rest
in a thermal bath with a temperature that is propotional
to the acceleration TU =
~a
2πkBc
(Unruh temperature).
Here ~ begin the Planck’s constant, kB the Boltzmann’s
constant and c the light speed in vacuum. By substitut-
ing (3) in (2), we find
Racc ≈
1
2pi
Ω
e
2piΩc
a − 1
{
1 +
2pic
aΩT 2
e
2piΩc
a
e
2piΩc
a − 1
×
[
1− e
2piΩc
a +
piΩc
a
(
e
2piΩc
a + 1
)]}
(4)
This is an approximate expression for the rate of transi-
tion probability when the detector is gradually coupled
to a scalar field during a finite time interval T . It is clear
from Eq. (4) that in the limit T → ∞, the first term of
expression above dominates, and we recover the standard
result.
III. THE SETUP
The basic idea of our scheme is as follows. As shown in
Fig. 1, we consider the setting that consists of a detector
and an auxiliary quantum field. The field is in the vac-
uum state |0M〉, while the detector is prepared in the su-
perposition state |ψD〉 = α|g〉+β|e〉 with |α|
2+ |β|2 = 1,
i.e., the detectors are in a qubit state. In this case, it is
convenient to rewrite |ψD〉 as a Bloch vector
|ψD〉 = cos
θ
2
eiχ/2|g〉+ sin
θ
2
e−iχ/2|e〉 (5)
where θ ∈ [0, pi] and χ ∈ [0, 2pi] are the polar and az-
imuthal angles in the Bloch sphere, respectively. After
its preparation, the detector is uniformly accelerated in
a linear accelerator (LA), interacts with the scalar field φ
for a finite time interval T , and finally its internal states
are measured.
U
Figure 1. Illustration of a quantum network for estimate the
loss of coherence of a single qubit induced by Unruh radia-
tion. The detector, initially in the superposition state |ψD〉,
is uniformly accelerated in LA, interacts with a scalar field
for a finite time interval T , and then their internal states are
measured. The U operator models the interaction between
the qubit and an auxiliary field.
Let us analyze in more detail the scheme shown in Fig.
1, suppose that initially the system (accelerated detector
plus scalar field) is prepared in the state |ψin〉 → |0M〉 ⊗
|ψD〉, where |0M〉 is the Minkowski vacuum state of the
field defined in the inertial laboratory frame. Considering
that the interaction between the detector and the field is
governed by (1). In the weak coupling regime, the unitary
transformation induced by the Hamiltonian (1) is given
3by
Uˆ = I − ig
∫ ∞
−∞
dτΘ(τ)φ[x(τ)][σˆ+e
iΩτ + σˆ−e−iΩτ ].
From above result, we can obtain that the interaction
between the uniformly accelerated detector and the field
produces the following transformation
|0M〉 ⊗ |g〉 → |0M〉 ⊗ |g〉 − igΦ(τ)|0M〉 ⊗ |e〉,
|0M〉 ⊗ |e〉 → |0M〉 ⊗ |e〉 − igΦ∗(τ)|0M〉 ⊗ |g〉. (6)
where Φ(τ) =
∫∞
−∞ dτΘ(τ)e
iΩτφ[x(τ)]. Note that (6) de-
scribes the “dressing” of the ground and excited states
of the uniformly accelerated detector by the interaction.
Here we are interested in observe only the effect of the
acceleration radiation. Thus, we consider that the life-
time of the excited state is greater than the interaction
time. This avoids that the atom making a transition to
the ground state by spontaneously emitting one photon
into the field [10, 11]. Therefore, from Eq. (6), after of
the finite-time interaction between the accelerated detec-
tor and the field, the state of the system reads as
|ψout〉 → |0M〉 ⊗ |ψD〉 − igeiχ/2 cos
θ
2
Φ(τ)|0M〉 ⊗ |e〉
− ige−iχ/2 sin
θ
2
Φ∗(τ)|0M〉 ⊗ |g〉.
If one only observes the state of the detector and not the
field, then the detector will be found in either the excited
state or the ground state; nevertheless, it will no longer
be in a pure state. The new state can be described by
reduced density matrix ρˆD = TrM[|ψout〉〈ψout|]. In the
basis {|g〉, |e〉}, the reduced density matrix of the detector
is given by
ρˆD =
1
1 + g2TRacc
×
(
cos2 θ2 + g
2TRacc sin
2 θ
2 e
−iχ/2 sin θ2 cos
θ
2
eiχ/2 sin θ2 cos
θ
2 sin
2 θ
2 + g
2TRacc cos
2 θ
2
)
.
where Racc is given in (4). Hence the accelerated qubit
is expected to exhibit a loss of coherence, in which the
pure state |ψD〉 reduce to a statistical mixture after their
interaction with the scalar field. Note that this loss of
coherence takes some time and its duration is named as
decoherence time τd [12]. From the uncertainly relation
∆τΩ & 1 with ∆τ being the scale time for transition
between the two levels of detector, one sees that the in-
teraction cannot be performed during a time interval less
than 1Ω . This gives a lower limit for the decoherence time
and it has to be included into our theoretical approach
for the detector to work effectively.
IV. QUANTIFYING DECOHERENCE
One way to quantify the degree of decoherence induced
by acceleration on the qubit is evaluating the state fi-
delity between the initial state |ψD〉 and the final state
ρˆD, i.e., F = Tr[|ψD〉〈ψD|ρˆD], which is calculated to be
F =
1 + 2g2TRacc cos
2 θ
2 sin
2 θ
2
1 + g2TRacc
. (7)
The Fig. 2 shows the dependence of the fidelity F as
a function of acceleration for different input state condi-
tions. In all cases, the plots show loss of coherence due to
acceleration. In particular, note that for θ = pi/2 the fi-
delity decreases and approaches its asymptotic value 1/2
with the increase of acceleration, which indicates a par-
tial loss of coherence. The angle θ = pi/2 indicate input
states |ψD〉 =
1√
2
[|g〉 ± |e〉] with χ = 0, pi. On the other
hand, when θ = 0, pi the fidelity decrease to its asymp-
totic minimum F → 0, indicating a higher decoherence
process. Notice that the angles θ = 0, pi represent states
|g〉 and |e〉, i.e., eigenstates of σz. This results suggests a
dependence of degree of decoherence induced by acceler-
ation on the input state conditions.
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Figure 2. Fidelity as a function of the acceleration for different
values of parameter θ. Here we have fixed T = 1 µs, g = 0.5
Hz and Ω = 1 MHz.
We are also interested in how the interaction time T
influence the loss of coherence due to acceleration. In
Fig. 3, we plot the fidelity as a function of the accelera-
tion for different values of interaction time. Notice that,
when T = 1 µs the fidelity slowly decreases when the ac-
celeration grows. On the other hand, we can observe that
the fidelity decreases notably and approaches its asymp-
totic value 1/2 for a long interaction time (T → ∞).
This asymptotic regime corresponds to when T ≫ 1Ω , i.e.,
when the time interaction is very larger compared with
time scale for the transition in the detector. Also note
that for long interaction time the degree of decoherence
can be observable for accelerations as low as 1014 m/s2.
It is interesting to discuss our results in connection
with the previous work [13–15]. In [13], Kok and Yurt-
sever investigate an accelerating qubit in vacuum of
Minkowski. By measuring the purity of accelerated de-
tector, it was found that the qubit decoheres due to ther-
mal Unruh radiation. Our scheme is physically different
and represents a step forward in several aspects. (1) We
consider a uniformly accelerated detector coupled to the
scalar field for a finite time interval. This correspond
to a more realistic situation. (2) We have analyzed the
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Figure 3. Fidelity as a function of the acceleration for different
values of interaction time T . Here we have fixed θ = pi/2,
g = 0.5 Hz and Ω = 1 MHz.
loss of coherence as a function of both the detector ini-
tial preparations (i.e., the polar angle of qubit state on a
Bloch sphere) and the time interaction. (3) We show that
the adjust those parameters can significantly improve the
conditions to estimate the decoherence induced by Unruh
radiation. In addition, our results suggest that the loss of
coherence is significative for relatively low accelerations.
From a practical point of view several conditions
must be considered with respect to the feasibility of our
scheme: (1) The detector should be considered a sta-
ble two-level atom with the lifetime of the excited state
greater than the interaction time. A good example is
the Helium atom (He*) with electric dipole transition
(23S1 → 2
3P) and natural linewidth of 1.6 MHz. In ad-
dition, the timelife of the Helium atom is of the order
of 8× 103 s which can be considered to be stable for the
present application [16]. (2) The acceleration mechanism
must be performed so that it does not ionize or strongly
perturb the internal states of the detector as suggested
in [17]. In particular, short-pulse lasers have been used
in acceleration of Rydberg-like atoms in [18, 19]. (3) The
coupling between the detector and the field can be per-
form by using a microwave cavity with perfect mirrors.
(4) In an experiment of finite time interaction the de-
tector will be affected by the transients related to the
temporal change of the window function Θ(τ). (5) As
discussed in the previous section, one has to impose the
condition ∆τΩ & 1 in order to keep the disturbance in-
troduced by the vacuum fluctuations on the detector suf-
ficiently small. Under this condition, the detector can
work effectively due to an appropriate decoherence time
τd.
V. CONCLUSIONS
In summary, we present the model of a uniformly ac-
celerated detector interacting with a quantum scalar field
for a finite time interval. In particular, we have ana-
lyzed the loss of coherence induced by acceleration. This
decoherence is quantifying via the reduction of the fi-
delity. Compared to previous studies about accelerating
qubit in vacuum of Minkowski, our study represents a
step forward to provide a quantitative analysis of the
loss of coherence as a function of both the detector ini-
tial preparations and the time interaction. We arrive at
the conclusion that the adjust those parameters can pro-
vide us a better estimation of the decoherence induced
by Unruh effect. Thus, our results provide a novel insight
for efficient experimental strategies in the estimation of
Unruh effect via decoherence process.
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